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Abstract 
Constituents of holistic analysis of tunnels subjected to fire are addressed. This includes simulation of the 
combustion process by means of computational fluid dynamics, high-temperature permeability tests on cement-based 
materials, and structural analyses of two different tunnels exposed to high temperature loading.  These analyses show 
that the resistance of circular tunnels to fire loading is greater than the one of tunnels with rectangular cross-sections. 
© 2011 Published by Elsevier Ltd.  
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1. Introduction 
When designing structures to withstand fires according to a pre-specified safety level, the temperature 
loading and the behavior of the employed material at high temperatures are of paramount importance. 
This raises the need for modeling activities in several research directions.  Herein, three topics of central 
importance are addressed.  Section 2 deals with the simulation of combustion processes by means of 
computational fluid dynamics (CFD). This modeling activity aims at developing an analysis tool that 
allows for determination of the temperature loading of tunnels subjected to fire.  Section 3 is devoted to 
high-temperature permeability tests on cement-based materials without as well as with polypropylene 
fibers. Results from tests performed on concrete, mortar, and cement paste are com- pared to each other. 
The computed evolution of the permeability with temperature characterizes trans- port properties of 
cement-based materials that are well-known to govern the spalling risk during fire exposure. Section 4 
presents non-linear structural analyses of two different tunnels subjected to tem- perature loading (with a 
circular and rectangular cross-section, respectively). At the material level, the simulations account for 
temperature-dependent loss of both stiffness and strength and for spalling of near surface layers. At the 
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structural level, they account for the development of plastic regions/hinges and the corresponding 
redistribution of internal forces. The evolutions of bending-moment distribu- tions and relative 
displacements of characteristic points (so-called convergences) provide insight into the structural 
behavior. In Section 5, the presented results are discussed, leading to conclusions and to an outlook on 
future work. 
2. Thermal loading of tunnels subjects to fire 
Specification of the thermal loading is a crucial prerequisite for the assessment of the behavior of 
tunnels subjected to fire. Starting with the heat release rate (HRR) of the fire source, the temperature 
distribution at the surface of the load-carrying structure can be determined using CFD, replacing the 
commonly-used standard temperature-time curves given by design codes.  For this purpose, an 
appropriate fire-analysis code is currently developed in OpenFOAM (OpenCFD 2009).  The code has 
to reproduce a turbulent buoyancy-driven flow induced by the combustion process, i.e., a process 
including conductive, convective, and radiative heat transfer.  In order to meet these demands, a 
buoyancy-augmented k-İ turbulence model, a radiation model, and (most currently) a combustion 
model are implemented in OpenFOAM’s chtMultiRegionFoam solver. 
2.1  Validation of a Buoyancy-Augmented k-İ turbulence model 
Buoyancy effects stemming from large density differences are the main driving forces of fire-induced 
fluid flows. As a result, the influence of buoyancy on generating turbulence plays a vital role in pre- 
dicting the heat transfer in case of fire. The most-commonly used turbulence model in CFD is the 
standard k-İ model which, however, strongly underestimates buoyancy-effects. In order to overcome this 
problem, a so-called buoyancy-augmentation is incorporated into the standard k-İ model, charac- terized 
by additional source terms in the transport equations for the specific turbulent kinetic energy k [m2/s2] and 
the turbulent dissipation rate İ [m2/s3] for consideration of turbulence production due to buoyancy. This 
extension of the k-İ model is based on the Generalized Gradient Diffusion Hypothesis which was 
investigated for fire simulations in (van Maele and Merci 2006). 
In this work, the described approach is used to model hot air entering a quiescent environment through a 
round opening (Figure 1(a)).  The numerical results obtained with OpenFOAM are compared with non-
dimensional profiles for the temperature and the velocity in the area of self-preserving conditions (see 
(Shabbir and George 1994)). Curve-fitting of the experimental values presented in (William and George 
1977) resulted in 
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for the axial velocity w and the temperature difference ¨T = T 䌦㻌T, respectively. In Eqs. (1), B0 
[m4/s3] is the buoyancy added at the source, and Ș = r/z is the self-similarity variable respectively (r [m] 
and z [m] represent the radial and axial coordinate, respectively); g and ȕ denote the gravitational 
acceleration and the thermal expansion coefficient, respectively. 
As expected, the predictions with the buoyancy-augmented turbulence model agree much better with the 
experimental results than the ones attained with the standard k-İ model. This holds for the model- predicted 
plume width and for the peak values of both velocity and temperature distributions (Figure 1(b) and (c)). 
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Figure 1: (a) geometric properties for the plume experiment, (b) non-dimensional vertical velocity profile, (c) non-dimensional 
mean buoyancy profile; (b) and (c) refer to z = 1.4 m 
2.2  Validation of the used radiation model 
Two radiation models of OpenFOAM (P1 and fvDOM) were investigated by simulating the bench- 
mark problem of an emitting and absorbing gray medium in a 2D rectangular enclosure, exposed to 
diffuse radiation ID at the top of the domain (Figure 2(a)). The numerical results are compared with the 
solution presented in (Crosbie and Schrenker 1984). 
 
Figure 2: (a) geometric properties and coordinate system of a rectangular medium, (b) dimensionless heat flux Ȍb = qR/(ʌID) along 
the side wall, (c) Ȍb  along the bottom wall; (b) and (c) show results for different values of r = 2y0/z0 
In order to investigate the influence of the geometric properties, results are discussed for the case of 
a constant  optical thickness in the vertical direction (țz0 = a 㽂㻌 z0 = 1 with a as the absorption 
coefficient) and different aspect ratios r = 2y0/z0. The fvDOM-model appears to be more suitable for the 
underlying application, since corresponding results agree very well with those given in (Crosbie and 
Schrenker 1984). Only the distribution along the bottom wall (Figure 2(c)) shows small oscillations for r = 
0.1, 0.5, and 1 which can be attributed to the so-called ray effect, a well-known deficiency of the fvDOM-
model (see, e.g., (Ramankutty and Crosbie 1998)).  The P1-model, on the other hand, has problems in 
predicting the heat flux along the side wall, as it strongly over-estimates the radiative energy, especially for 
aspect ratios greater than 0.1 (Figure 2(b)). 
2.3  The newly included c ombustion m odel 
Because of the considered application there is an increased need for a model with a non-premixed 
combustion.  It should allow for prediction of the amount of heat released by the fire and of the shape 
of the flame, with reasonable accuracy, whereas a detailed resolution of the chemical processes involved is 
not a main focus. Hence, the combustion model of OpenFoam’s fireFoam which is based on the mixture-
fraction approach assuming an infinitely fast chemical reaction, is used.  To study the performance of 
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the implemented combustion model, experiments on buoyant diffusion flames, presented in (McCaffrey 
1976), are simulated with fireFoam. At the current level of implementation, turbulence is modeled with 
the standard k-İ model and radiation is neglected.  In the considered experiments (McCaffrey 1976), 
velocity and temperature were measured in the flame of a natural gas (mainly methane) burner with a 
square section of 0.3 m ×㻌0.3 m. As in the experiments, the amount of escaping gas was also varied in the 
numerical simulation in order to account for five different burning rates, i.e., 15, 25, 35, 45 and 55 kW, 
respectively. The correlations presented in (McCaffrey 1976) for velocity and temperature at the center-line 
of the flame are compared with simulation results (Figure 3). 
 
Figure 3: (a) scaled vertical velocity along the centerline, (b) temperature along the centerline; (b) and (c) show results for 
different burning rates Q 
Model predictions over-estimate peak values of velocity and temperatures (Figure 3) because of the 
insufficient description of buoyancy effects by the standard k-İ model and because of the fact that 
radiative heat losses are neglected.  From a qualitative view point, however, the combustion model is 
performing satisfactorily since the slopes of both the velocity distribution and the temperature 
distribution in the flame region (with 2 /5 2/5/ 0.08m/kWz Q < ) and in the plume region 
( 2/5 2/5/ 0.2 m/kWz Q < ) agree well with the experimental results. Currently, the models described in 
Sections 2.1 and 2.2, accounting for buoyancy and radiation effects, are combined with the combustion 
model. Moreover, the combustion model is modified on the basis of the Eddy Dissipation Concept 
presented in (Magnussen 2005), in order to further improve the CFD code. 
3. Permeability of cement-based materials at high temperatures
Transport processes such as the advection of water vapor trigger the behavior of concrete at elevated 
temperatures, including the risk of spalling (see, e.g.,(Harmathy 1965; Meyer-Ottens 1972)). Since 
dense concrete mixes with low permeability proved to be more prone to spalling, parameters related to the 
pore structure of concrete (such as the permeability) were identified as key parameters determining the 
durability of concrete structures in case of fire loading.  This is the motivation for determination of the 
permeability of cement-based materials in laboratory tests.  Thereby, the beneficial effect of adding 
polypropylene (PP) fibers (see, e.g., (Schneider and Horvath 2002; Kusterle et al. 2004)), which 
considerably increases the permeability of concrete at elevated temperatures (see, e.g., (Kalifa et al. 2001; 
Zeiml et al. 2008)), is taken into account. 
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3.1  Mix design and p ermeability measurements 
The effect of elevated temperatures on the transport behavior (i.e., the permeability) of cement-based 
materials is investigated by testing concrete, mortar, and cement-paste samples with and without PP- 
fibers (see Tables 1, 2, and 3 for the mix design). An adaptable testing volume (using reservoirs of 
different size) was engaged in order to determine the permeability of concrete, mortar, and cement- paste 
after having been subjected to elevated temperatures. 
The concrete specimens were produced from large concrete blocks which were stored under water for 28 
days. After storage, cores (150 mm in diameter) were drilled and cut into discs of 50 mm height. In case of 
mortar and cement paste, cylinders with a diameter of 150 mm and 50 mm, respectively, were cast and, 
after 28 days of water storage, cut into discs of 50 mm and 30 mm in height, respectively. After heating 
the specimens with 1°C/min up to the defined target temperature, followed by a holding period of 12 h and 
subsequent cooling at 1°C/min, the specimens were tested at room temperature. The permeability was 
determined from the gas flux through the specimen which was calculated either (i) from the pressure 
decrease in the pressure chamber, pch(t) (see (Zeiml et al. 2008) for details), or (ii) from the pressure 
decrease in the reservoir, pr (t ) (with constant pressure pch in the pressure chamber, i.e., at the top of the 
specimen). 
Table 1: Mix design of investigated concrete samples without and with PP-fibers 
cement CEM I [kg/m3] 290 
additive (fly ash) [kg/m3] 50
water㻖㻌 [kg/m3] 185 / 190 
PP-fibers㻖㻌[kg/m3] 0 / 1.5 
siliceous aggregates [kg/m3] 1859 
fraction 0–4 mm [mass-%] 36
fraction 4–8 mm [mass-%] 17
fraction 8–16 mm [mass-%] 34
fraction 16–22 mm [mass-%] 13
aggregate mineralogy:  
quartz [mass-%] 68
feldspar [mass-%] 21
carbonate [mass-%] 11
water/cement ratio㻖 [–] 0.64 / 0.66 
water/binder ratio㻖,† [–] 0.56 / 0.58 
initial density㻖㻌 [kg/m3] 2384 / 2391 
slump㻖㻌 [mm] 430 / 410 
air content㻖㻌 [%] 1.0 / 2.5 
28d compressive strength㻖 [MPa] 25.0 / 29.6 
*  Left value corresponds to plain concrete, right value corresponds to concrete with PP-fibers. 
†  The amount of additives is weighted by 0.8 (O¨ NORM B4710-1 2004). 
3.2  Experimental results 
Figure 4 shows the intrinsic permeability of concrete, mortar, and cement-paste samples without and 
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with polypropylene (PP) fibers. At low preheating temperatures, no fiber effect is observed in all of the 
three materials. The cement-paste samples exhibit the smallest permeability values, followed by mortar 
and finally by concrete which shows the highest permeability. The increase of the permeability with 
increasing aggregate size can be attributed to the existence of interfacial transition zones (ITZ) between 
the cement matrix and the aggregates. The sudden increase in consequence of melting of the PP-fibers can 
be observed at preheating temperatures between 140°C and 200°C. This fiber-effect is the stronger, the 
larger the PP-fiber content is per m3 of the tested materials. With further increase in the preheating 
temperature, the fiber effect is reduced, as melting of the PP-fibers between 140 and 200°C is 
superimposed by temperature-induced damage. The latter includes dehydration which leads to an 
increase in pore space as well as in cracking, and which is the only source of damage of cement paste. 
The temperature-induced increase of the permeability between 200 and 600°C of both concrete and mortar 
is more pronounced than the one of cement paste. This results from thermal strain incompatibilities between 
the cement paste and sand grains/aggregates leading to thermomechanical damage of the composite 
material. Therefore, the permeability evolutions of concrete and mortar with temperature are quite similar 
but rather different from the results obtained for the cement paste. 
Table 2: Mix design of newly investigated mortar samples without and with PP-fibers
cement CEM I [kg/m3] 521 
additive (fly ash) [kg/m3] 90
water㻖㻌 [kg/m3] 257 / 257 
polypropylene (PP) fibers㻖 [kg/m3] 0 / 2.7 
siliceous aggregates 0–4 mm [kg/m3] 1213 
water/cement ratio㻖 [–] 0.5 / 0.5 
water/binder ratio㻖,† [–] 0.43 / 0.43 
initial density㻖㻌 [kg/m3] 2081 / 2083 
slump㻖㻌 [mm] 185 / 185 
ȗ  Left value corresponds to plain mortar, right value corresponds to mortar with PP-fibers. 
Ъ  The amount of additives is weighted by 0.8 (O¨ NORM B4710-1 2004). 
Table 3: Mix design of investigated cement paste samples without and with PP-fibers 
cement CEM I [kg/m3] 782 
additive (fly ash) [kg/m3] 135 
water㻖㻌 [kg/m3] 355 / 355 
PP-fibers㻖㻌[kg/m3] 0 / 4.0 
siliceous aggregates < 0.25 mm [kg/m3] 471 
water/cement ratio㻖㻌 [–] 0.45 / 0.45 
water/binder ratio㻖,† [–] 0.40 / 0.40 
initial density㻖㻌 [kg/m3] 1743 / 1747 
slump㻖㻌 [mm] 200 / 195 
28d compressive strength㻖 [MPa] 47.4 / 53.8 
ȗǡǦǤ
ЪͲǤͺሺǃͶ͹ͳͲǦͳʹͲͲͶሻǤ 
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Figure 4: Intrinsic permeability of concrete, mortar, and cement paste with and without PP-fibers as a function of the preheating 
temperature (symbols represent average values, lines mark minimum and maximum values) 
4. Non-linear structure safety analysis of tunnels under fire 
Whereas state-of-the-art structural analysis tools used in engineering practice are based on the as- 
sumption of linearly elastic material behavior, a non-linear finite element (FE) model, using layered finite 
elements, is employed in this work, in order to account for the non-linear, temperature-dependent behavior 
of concrete as well as for spalling of near-surface concrete layers. Additionally, the numerical model 
allows for consideration of nonlinearities at the structural level such as the development of plastic 
regions/hinges as well as for subsequent stress/force redistribution. 
4.1  Structural beam-spring model 
The reinforced concrete tunnel structure is modeled using a so-called beam-spring model (see Figure 
5(a) and (Wissmann 1968; Savov et al. 2005)), i.e., the soil is modeled by springs supporting the nodes, 
and acting only in compression.  The tunnel lining is discretized by means of layered finite elements 
(see Figures 5(b) and (c)). The layer concept permits for (i) assignment of different temper- atures and, 
hence, of different temperature-dependent material parameters to the respective layers and (ii) consideration 
of spalling by de-activation of the respective near-surface layers. Steel is considered by separate layers. 
Hereby, the reinforcement bars are transformed into homogeneous steel layers of equivalent thickness. 
Concrete linings exposed to fire exhibit non-linear temperature distributions across the thickness. 
High temperatures result in loss of both stiffness and strength of the material.  The beam-spring model 
is able to account for non-linear temperature distributions in the direction of the thickness. The 
employed elasto-plastic material model (Savov et al. 2005) accounts for the non-linear behavior of 
concrete at high temperatures. In engineering practice, however, so-called equivalent temperature 
distributions are considered. They are characterized by a linear variation across the lining thickness. In 
addition, practical analysis tools assume linearly elastic material behavior. In the following, results from 
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such simplified structural analyses (label “E”) are compared with results from more realistic non-linear 
analyses, considering non-linear temperature distributions and elasto-plastic material models, 
(label ”EP”). 
 
Figure 5: (a) Beam-spring model (Savov et al. 2005); (b) real cross-section segment; (c) layered finite element 
4.2  Simulation sesults 
In this work two different tunnels are investigated. The first one has a rectangular cross-section (6.0 m × 
8.2 m), a lining thickness ranging from 64 to 90 cm and an overburden of 1.75 m (see Figure 6). The second 
tunnel has a circular cross-section with a lining thickness of 40 cm and a radius of r ≈㻌4.5 m, and with an 
overburden of 8.05 m (see Figure 6). 
Both tunnels are subjected to the same temperature loading in terms of evolving temperature fields 
across the lining thickness. These temperature fields were computed on the basis of a prescribed fire curve 
(see Zeiml et al. (2008)). 
 
Figure 6: Investigated tunnels: (a) rectangular and (b) circular cross-section 
Figures 7(a) and (c) show the distributions of the bending moments along the investigated tunnel 
cross-sections of selected time instants. The linearly elastic analysis shows moment concentrations in the 
fire-loaded regions (upper-right corner of the rectangular cross-section, see Figure 7(a) and tunnel shoulder 
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sof the circular cross-section, see Figure 7(c)).  Consideration of plastic deformations leads to a 
redistribution of the bending moment towards regions with no fire loading. This effect is more 
pronounced in the tunnel with the circular cross-section, where the redistribution occurs towards the 
bench, than in the tunnel with the rectangular cross-section with the redistribution towards bottom- right 
corner.  Moreover, the deformations of the tunnel are completely different, depending on the 
considered model assumptions (see Figures 7(b) and (d)).  The deformations are different already 
before the fire loading, since plastic deformations are neglected in the linearly elastic material model (E). 
When the fire loading is applied, the linearly elastic analysis predicts an unrealistic expansion of the 
tunnel whereas the more realistic non-linear analysis results in an increase of the vertical con- vergence.  
In case of the rectangular cross-section, (see Figure 7(b)), a plastic hinge occurs at the top-right corner, 
leading to a significant increase of the vertical deformations. In case of the circular cross-section, the 
thermal restraint leads to an expansion of the tunnel towards the end of fire loading. Spalling (with the final 
spalling depth Sd
∞  = 10 cm for the case of the circular tunnel and Sd
∞  = 20 cm for the case of the 
rectangular tunnel; Sd
∞  is considered to be reached after 30 min of fire loading) results in a significant 
increase of the vertical convergence (see Figures 7(b) and (d)). The obtained results lead to the 
conclusion that the rectangular cross-section is more sensitive to spalling than the circular cross-section. 
5. Discussion, conclusions, and outlook of future works 
Fire severely compromises the structural safety of tunnels. In this work, essential aspects of a holistic 
analysis of tunnels subjected to fire were addressed: 
y Realistic simulation of heat transfer from the fire source towards the tunnel lining requires 
realistic modeling of the governing processes. Investigation of different sub-models of a 
computational-fluid-dynamics (CFD) tool showed that turbulence is strongly related to buoy- ancy 
effects. Moreover, radiative heat transfer plays an important role. Regarding the combus- tion 
process, the above processes must be taken into account with sufficient accuracy when it comes to 
modeling of flame and plume shape as well as prediction of gas velocities and gas temperatures, 
which finally determine the temperature loading of the support structures. 
y Permeability tests performed on concrete, mortar and cement paste supported the beneficial 
effect of PP fibers regarding the spalling behavior of fire-loaded concrete, observed in fire ex- 
periments.  The temperature evolutions of the permeability of both concrete and mortar were quite 
similar, but rather different from the results obtained for the cement paste. This shows the strong 
dependency of high-temperature permeabilities on interfacial transition zones between cement 
paste and sand grains/aggregates as well as on thermomechanical damage in conse- quence of 
thermal strain incompatibilities between cement paste and sand grains/aggregates. 
y The chosen model assumptions strongly affect the ability of the structural model to realistically 
assess the behavior of underground infrastructure subjected to fire loading, exhibiting signifi- cant 
nonlinearities. The employed non-linear structural analysis model accounts for the redis- tribution 
of the internal forces towards regions that are less affected by the fire loading than, e.g., the top 
of the cross-section of the tunnel. This leads to more realistic predictions of the deformations of 
the structure. From non-linear structural fire analyses of two tunnels (one with a circular and the 
other one with a rectangular cross-section) it is concluded that the shape of the cross-section of the 
tunnel is a key factor for the behavior of underground structures in case of a hazardous fire. Whereas, 
for the case of the circular cross-section, there is a pronounced elasto plastic redistribution of the 
internal forces in the direction of regions that are less affected by the fire, this transfer is less 
pronounced. Hence, if a circular and a rectangular tunnel are subjected to the same temperature 
history, failure of the structure caused by localization of deformations, characterized by the 
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formation of plastic hinges, will occur earlier for the rectangular tunnel. 
The described experimental techniques and analysis tools will be merged to a coupled experimental- 
theoretical analysis tool, allowing to analyze underground infrastructure in a realistic, holistic fashion. 
 
Figure 7: State-of-the-art (E) vs. non-linear (EP) analysis of a tunnel with a rectangular and a circular cross-section, respectively: (a) 
and (c) distributions of bending moments at different time instants; (b) and (d) history of vertical convergence including the influence of 
spalling, as obtained from non-linear (EP) analysis 
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